Objective: There have been contradictory reports regarding resistance exercise and central arterial compliance. The American Heart Association has recommended its use in preventing/treating cardiovascular diseases. We examined the effects of long-term endurance running and intense resistance training on central hemodynamics, compared with healthy control (CON).
INTRODUCTION

E
pidemiological studies have shown a graded inverse relationship between the amount of physical activity regularly undertaken and the incidence of cardiovascular morbidity and all-cause mortality [1, 2] . It is well accepted that aerobic exercise increases the elastic properties of central arteries [3, 4] . Conversely, there have been contradictory reports regarding resistance exercise, some showing decreased central arterial compliance in resistance trained men [5, 6] , whereas others showing that arterial stiffness does not increase with chronic resistance exercise [7] [8] [9] . Despite reports that resistance exercise has detrimental effects on vascular function [10] , the American Heart Association has recommended its use in preventing and treating cardiovascular diseases, as the combination of aerobic and resistive exercises is of importance to improve vascular function and to increase muscle mass and insulin sensitivity [11] . Even though high intense resistance training is not recommended for the majority of the population, resistance style exercise programs are becoming popular and widespread, mainly among young adults, looking for body building. There are scarce and controversial data on the chronic -more than 1 year -effects of this training method. Three studies have shown lower carotid arterial compliance in chronic high-intensity resistance training participants [5, 6, 12] , but similar carotid-femoral pulse wave velocity (PWV) when compared with sedentary controls [5] . Therefore, we sought to investigate the chronic effects of long-term high-intensity resistance training and endurance running on peripheral and central hemodynamics of agematched male participants compared with healthy untrained controls.
METHODS
Design and sample selection
A cross-sectional study was carried out to compare structural and functional heart and blood vessels parameters in men, aged 20-50 years, engaged in long-term endurance running and resistance training programs. The study was previously approved by the Institutional Research Ethics Committee (protocol 009/10). The project was announced in fitness centers and street runner leagues of the city during precompetition training sessions for amateur athletes. Recruitment was done through the application of a questionnaire on life and health habits, past and current medical and physical exercise history. The candidates attended the Cardiovascular Investigation Clinic of the University Hospital and were submitted to clinical and laboratory examinations to assess cardiovascular risk factors. A total of 115 participants, 45 endurance runners, 33 resistance trained, and 37 untrained participants were examined. Objective criteria were used to extract from the databank a more homogeneous group of trained individuals and a compatible healthy control group. Thus, we selected three agematched groups: endurance runners (endurance running, N ¼ 21), intense resistance trained (IRT, N ¼ 19), and a healthy untrained control group (CON, N ¼ 29). The inclusion criteria for the endurance runner group were to be exclusively training for long distance street running (half marathon and/or marathon) for more than 2 years at least four sessions per week and a minimum of 70 km/week and to have reached more than 15 km/h final velocity and VO 2max more than 50 ml/kg per min in the cardiopulmonary test. The inclusion criteria for the IRT group were to be more than 2 years on high-intensity whole body resistance training, at least 90% of all training period submitted more than 80% of 1-RM (1 repetition maximum), five sessions minimum/week, mesomorphy degree more than 6 and BMI more than 27 kg/m 2 , and not performing any additional aerobic endurance training. The CON group consisted of nonobese healthy male participants with no evidence of any cardiovascular, metabolic, or pulmonary disease, no regular use of drugs, and no participation in any regular physical activity over the past 6 months. Participants not fitting these inclusion criteria and/or with a history of sudden death in relatives (parents or brothers) or any other condition interfering with a treadmill test to evaluate maximal capacity of oxygen consumption (VO 2max ), were excluded from the analysis, as well as those who reported use of any performance enhancing drug during the past 6 months. Clinical and laboratory examinations were performed by a trained staff during the morning period in a single visit to the University Hospital, except for the cardiopulmonary test, which was performed in the afternoon period in the Laboratory of Exercise Physiology.
Anthropometry
The anthropometric measurements were weight (Toledo scale -0.05 kg), height (Seca Stadiometer; Seca GmBH & Co, Hamburg, Germany), waist, hip, right upper arm and calf circumferences (Sanny flexible tape; Sanny, São Paulo, Brazil), femur and humerus bi-epicondylar diameters (Retractile arm pachymeter; Sanny), and right triciptal, suprailiac, subscapular and calf medial aspect skinfolds (plicometer Cescorf, 0.1 mm). The BMI was calculated as the ratio between weight and the squared height (kg/m 2 ). Somatotype as proposed by Carter and Heath [13] was used to describe the morphology of each group and specially ensuring the constitution of the IRT group. Briefly, somatotype is a body classification that divides the human physical structure in three distinct components, endomorphy, mesomorphy, and ectomorphy (expressed in arbitrary units). Each component is presented in a different degree and the predominant components will determine the somatotype classification. The measures used to calculate the degree of endomorphy were height (cm) and triciptal, subscapular, and suprailiac skinfolds (mm). For mesomorphy, height (cm), bone diameters of femur and humerus (cm), and circumferences of right arm and calf (cm) corrected by subtracting the skinfolds (cm) were used. The ectomorphy was established through the calculation of a ponderal index, which is the ratio between the height (cm) and the cube root of the weight (kg). The cutoff points to select the IRT group followed the mesomorphy pattern of Brazilian elite body builders [14] . This was done in order to ensure that the sample could actually represent individuals submitted to high-intensity resistance training.
Cardiopulmonary test
Cardiopulmonary data were measured through gas analysis by the cardiopulmonary test in a treadmill (Inbrasport Super ATL, Porto Alegre, Brazil) using the ramp protocol. After taking position in the treadmill platform, participants were equipped with a mask connected to a pneumotacometer in order to continuously measure air flow and expired gas composition. Ventilatory variables and gas exchanges were measured in a breath-by-breath mode during the cardiopulmonary evaluation using an open circuit spirometer by means of a gas analyzer (Cortex Metalyzer 3B, Leipzig, Germany). The criteria for a maximum test followed the statement proposed by the American College of Sports Medicine [15] : volitional exhaustion; attaining at least 90% of age-predicted maximum heart rate (HR; 220 -age); respiratory quotient at least 1.1; and maximum oxygen consumption observed by the concept of plateau or peak. The test was interrupted following the guidelines for prescription of test and exercises [15] or by medical criterion. Individuals whose test was interrupted were excluded from the analysis.
Resting blood pressure
Resting blood pressure (BP) and HR were carried out with an automatic oscillometric device (Omron 705CP; Omron Corporation, Tokyo, Japan) with the patients seated after a 5-min resting period in a quiet room with controlled temperature (22-248C) . Three measurements were taken with a 2-min interval and the average of the last two measurements was used for data analysis.
Pulse wave analysis
The measurements were obtained in all participants by the same highly trained technician to avoid interobserver variability. The pulse wave shape was designed from the radial artery by applanation tonometry with a high-fidelity strain gauge transducer (Millar Instruments, Houston, Texas, USA) and a Sphygmocor device (ArtCor Medical, Sydney, Australia). Briefly, the aortic pressure waveform was reconstructed from the peripheral pulse by the use of a proprietary algorithm, which calculates an average waveform from the ensemble average of a series of successive pulses [16] . The parameters obtained from both forward and backward peripheral pressure waves were taken after calibration with the brachial systolic and diastolic pressures. The right brachial systolic pressure was measured with an automatic device previously validated and with manufacturer certificate of calibration (Omron 705CP, Intellisense, Japan). The examination was carried out with the participants in the supine position after a rest period of 5 min. Afterward, the tonometer was placed at the most evident pulsation point on the right radial artery, in order to obtain the radial pressure wave. The accuracy and good quality of the registry was accepted when the operator index was superior to 80.
The shape of the arterial pressure pulse contains hemodynamic information, which can be translated in several indexes that were fully analyzed. However, for the purpose of this study, the relevant indicators of central hemodynamics were as follows: central systolic pressure (cSP), central diastolic pressure (cDP), central pulse pressure (cPP), ejection duration and diastolic duration, central augmentation pressure (cAP) -the absolute difference in mmHg between the first systolic inflection and the systolic peak, a parameter that concerns the effect of reflected waves on pressure shape and amplitude, central T1 -the time of the first shoulder, described as time of arrival of the reflected wave (T1), central Trw -time to return of the reflected wave (Trw), and PP amplification (PPamplif), which was calculated as the ratio between brachial PP and aortic PP.
Pulse wave velocity
The carotid-femoral PWV was measured by the same highly trained technician (engaged in several large population studies) [17] [18] [19] with a noninvasive and validated device (Complior, SP; Artech Medical, Pantin, France) to estimate stiffness of large arteries, mainly the aorta. For PWV determination, participants remained in supine position for 5 min in a quiet room with stable temperature (23-248C). Two sensitive pressure transducers were used to detect pulsation of both right common carotid and femoral arteries. The dedicated software measures the time interval between the beginning of carotid wave and the beginning of femoral wave, with registry running at 150 mm/s. The aortic PWV was calculated as the ratio of the difference of distance between the two transducers and the difference of time interval between the two waves. Fifteen consecutive PWV carotid-femoral measurements were registered by the software and 10 of those with nearest values were considered to determine the PWV of each participant.
Left ventricular structure and function
A transthoracic echocardiogram was carried out with a multipurpose ultrasound system platform (Toshiba Aplio XG, Toshiba Medical System, Japan) following the standardization of ELSA-Brazil Project [17] . Data were collected on cardiac geometry and function, including the calculation of left ventricular mass (LVM), cavities diameter, aorta root diameter measured at the aortic valve annulus or sinus of Valsalva, and both transmitral and tissue flow patterns by Doppler. The reference values for normality were considered the echocardiographic data of general population obtained in the MONICA-WHO/Vitória Project [20] . A preliminary analysis of left ventricular hypertrophy (LVH) was carried out according to the measurement of interventricular septum using the American Heart Association specifications. LVM was corrected to body surface area (BSA) [21] and height to the power of 2.7 [22] . Images were collected in apical short-long axis, four-chamber, twochamber, and five-chamber view, and parasternal long-axis and short-axis view. The left ventricular ejection fraction, wall thickness, and mass were determined by M-mode echocardiography. Reference value of normality for ejection fraction was more than 50%. Diastolic function was analyzed based upon transmitral flow recorded at rest, whether necessary, during Valsalva maneuver. Considering the mean of three consecutive cycles, measurements of the velocity of peak E and A waves, the E/A ratio, and the deceleration time were done. The time of isovolumetric relaxation and the pulmonary veins blood flow were also analyzed. From the tissue Doppler, the e' wave velocity was measured from both septal and lateral ventricular wall at the level of mitral annulus as a mean of three consecutive heart beats. From the estimation of both the peak E mitral wave and e' tissue wave velocity, the E/e' ratio was calculated.
Left atrial anteroposterior diameter was obtained by Mmode echocardiography. Left atrial volume indexed to body surface was calculated as the means of volumes acquired by Simpson's method in apical four-chamber and two-chamber views, by considering the maximal atrial area, before the ventricular systole and mitral opening, excluding the left atrial appendage and the confluence of the pulmonary veins [23] . The difference of left atrial volume among two measurements did not exceed 5%. All echocardiographic data were collected with the participants in the supine position.
Biochemical examination
Venous blood samples were obtained after an overnight fast and at least 24 h after the last exercise session or caffeine use. Standard blood work, total cholesterol, high-density lipoprotein (HDL)-cholesterol, triglycerides, uric acid, creatinine, and urea were measured using commercially available kits when indicated. The serum levels of creatine phosphokinase (CPK) were used as biomarkers of skeletal muscle damage.
Data analysis
Data are presented as mean AE standard error and (median). Data normality was tested by Shapiro-Wilk test. For all available data with normal distribution, differences between means were tested by one way analysis of variance (ANOVA) followed by the Tukey-Kramer multiple comparison procedure. The Univariate General Linear Models were used to adjust for confounding variables. Data without normal distribution were compared by the Kruskal-Wallis test followed by Dunn's multiple comparison tests to detect intergroup median differences. The Student's t-test for independent samples was used to compare the years devoted to specific training mode in endurance runner and IRT groups. All statistical procedures were carried out using the SPSS 18.0 statistical package (SPSS Inc., Chicago, Illinois, USA). Probability level lower than the a set at 5% was considered significant.
RESULTS
Both trained groups were exclusively engaged in long-term high-intensity resistance or endurance running training. The training period was similar for both groups (IRT ¼ 9.1 AE 1.3 years; endurance runner ¼ 9.4 AE 1.3 years, P ¼ 0.87). Table 1 shows the hemodynamic data obtained seated at rest (blood and PPs and HR) and at the peak of the cardiopulmonary test. As expected, resting HR was lower, whereas maximal oxygen uptake (VO 2max ) and velocity at VO 2max were higher in endurance runners. It is worth mentioning that the aerobic capacity and velocity at VO 2max were similar between IRT and CON. On the other hand, the HR at VO 2max was similar between endurance runners and IRT group and lower than in the CON group. Despite similar values of brachial SBP and DBP among groups, PP was significantly higher in the IRT group compared with the CON.
The anthropometric characteristics are depicted in Table  2 . As expected, participants submitted to long-term IRT were morphologically distinct from endurance runners and CON. Thus, body weight, BMI, and right arm perimeter were higher in IRT group. The somatotype analysis showed that the mesomorphy degree, which indicates muscular prominence, was higher in the IRT group, whereas the endomorphy degree, indicator of subcutaneous fat mass, was similar between IRT and CON, but lower in endurance runners. However, right arm at maximal contraction was larger and tricipital skinfold was smaller in IRT, demonstrating that their higher body weight and BMI were mainly secondary to increased muscular mass. As commonly observed, HDL-C level was higher in endurance runners. On the contrary, IRT participants exhibited lower HDL-C levels even when compared with CON. Even though participants were excluded if they reported steroid ingestion over the past 6 months, we cannot rule out the possibility of undeclared use, as around 50% of the IRT group presented HDL-C levels lower than 44 mg/dl (mean value for the CON). Total cholesterol, low-density lipoprotein (LDL)-C, and glucose were similar among groups (Table 3) . Serum levels of CPK (unspecific biomarker of muscle injury) were higher in IRT group. Table 4 depicts central and peripheral hemodynamics and cardiac structure among groups. Peripheral and central systolic and diastolic pressures, cPP, and ejection duration parameters measured by supine radial applanation tonometry were similar among groups. Peripheral PP was higher in IRT when compared with CON and diastolic duration was significantly longer in endurance runners as compared with IRT and CON. In addition, PP amplification ratio was significantly higher in the IRT group as compared with CON and endurance runners and remained higher than CON even after adjustments for HR, height, and age, signaling a probably stiffer brachial artery in this group. Central T1 -the time of arrival of the reflected wave -was significantly longer in IRT when compared with endurance runners (and with a trend in relation to CON) even after adjustments for age, height, HR, and PWV. However, differences were no longer detected after adjustment for weight. The Trw -time to the return of the reflected wave -showed the same pattern. PWV was significantly lower in endurance runners and IRT as compared with CON even after adjustment for age, height, HR, and BP (mean arterial pressure or mean systolic, supine BP). Further adjustments for weight or height did not change significance. The indexed LVM (to body surface or height 2.7 ) was significantly higher in the trained group and relative wall thickness was similar among groups ( Table 4) , showing that the left ventricular concentric hypertrophy, once thought to be secondary to increased aortic stiffness related to resistance training [6] , does not seem to be the case. The indexed left atrial diameter was higher in endurance runners as compared with CON and together with an E/A ratio higher in endurance runners signals a better diastolic function in endurance runners. It is worth noticing the significantly higher aortic root diameter (and aortic arch diameter, not shown) in IRT compared with that in CON and endurance runners. Values are mean AE SE (median). adj1, adjusted for age, height, and heart rate (HR); adj2, adjustment for age, height, HR and mean arterial pressure (MAP) or systolic pressure; adj 3, adjustment for age, HR, height, and PWV. AO, aortic diameter; Central T1, the time of arrival of the reflected wave; Central Trw, the time to return of the reflected wave; cDBP, aortic DBP; cPP, aortic pulse pressure; cSBP, aortic SBP; E/A, ratio of transmitral peak flow velocity during early left ventricular filling and peak flow velocity during atrial filling; E/e', ratio of peak E mitral wave and E' tissue wave velocity; LA ind, left atrial volume indexed square meter; LVM/bs, left ventricular mass indexed by body surface; LVM/ht 2.7 , left ventricular mass indexed by height to the power 2.7; PPamplif, pulse pressure amplification; PWV, pulse wave velocity; rSBP, radial SBP; rDBP, radial DBP; rPP, radial pulse pressure; RWT, relative wall thickness. ( 
DISCUSSION
We confirmed that long-term endurance training is associated with the classical cardiovascular and hemodynamic adaptations and with decreased aortic stiffness. The PP amplification was similar to controls, even taking into account the lower HR in endurance runners, as reduced pulse rate is associated with retiming of the reflected wave into systole. However, it is worth mentioning that the ejection duration was similar among groups and that the differences in HR were mainly due to significantly higher diastolic length in endurance runners. Our main finding was that long-term intense resistance training men presented decreased aortic stiffness (PWV values similar to endurance runners) and lower cAP, a trend to longer T1 and Trw, normal central aortic pressures, and preserved cardiac structure/function when compared with well matched untrained healthy controls. However, we cannot discard higher brachial stiffness, as PPamplif was higher than in CON, even after adjustment for age, height, and HR.
Regarding PWV, it is worth noticing that even though almost half of the IRT participants could be using undeclared steroids, which is a confusion factor in relation to PWV analysis [24] (suspicion based on the unexplained low HDL-C in IRT, even though BP, hemoglobin, and hematocrit levels were similar among groups), the PWV in this group was lower than that in CON and similar to endurance runners. Therefore, we can hypothesize that if indeed IRT participants were using steroids, it seems that the drug was not associated with increased aortic stiffness. Actually, we did not detect any difference in PWV between IRT participants with low vs. high HDL-C levels (PWV ¼ 7.5 AE 0.11 vs. 7.3 AE 0.09 m/s, respectively). Conversely, if steroids were associated with increased aortic stiffness, the beneficial effect of the resistance training (to lower stiffness) was offset by the drug, that is, if the IRT participants were not using the drug, probably, a higher difference could have been detected between IRT and CON. This matter must be explored further in studies better controlled to answer these particular issues.
Our findings diverge from previous reports that associated resistance training with decreased aortic compliance, probably due to methodological issues. First, all studies [5, 6, 10] used different measurement methods (carotid arterial compliance) and only one measured carotid-femoral PWV [5] , and in this case, even though the authors reported lower total arterial compliance (independent of mean arterial pressure), the PWV between the control group and athletes was similar. It is worth mentioning that there was a baseline difference in the mean systolic pressures between groups, but the mean arterial pressures (used in the adjustment) were similar. Second, two studies were cross-sectional [5, 6] and one interventional [10] . Miyachi et al. [6] studied the arterial compliance between resistance-trained men and sedentary controls in two age periods (20-39 and 40-60 years) and found different compliances only in the older group. Finally, the training protocols of the studies [5, 6, 10] were directed to develop muscle strength, which resulted in higher systolic pressures [5] and concentric cardiac hypertrophies [6, 10] , whereas our IRT group worked on body building (absence of higher BP and concentric cardiac hypertrophy, compared with CON).
It has been extensively described that the central arterial pressure shape and amplitude are directly determined by the pressure generated by the left ventricle and the elastic and geometrical properties of the ascending aorta [25, 26] , which can be complemented indirectly by the timing of the forward and reflected pressure waves. It is well known that the magnitude of reflected waves depends on aortic geometry (taper or conicity and branches) [27] , age, height, BP, periphery and central artery stiffness, HR, and endothelial function/arteriolar tone [28] . As shown in Figure 1 , IRT participants presented significantly lower crude and adjusted (model 1: age, height, systolic or MAP, PWV, and HR) cAP when compared with CON and endurance runners. However, on further adjustment to aortic diameter (model 1 plus aortic diameter), the differences were no longer significant among groups. Even though wave reflections are thought to occur distal to the aortic bifurcation, a larger aortic root (aortic arch was also larger in IRT, data not shown) may be expected to be related directly with arterial compliance by the Moens-Korteweg equation [29] and impact (slowing) the pressure waves. Moreover, when weight was inserted in the model replacing the aortic diameter (model 1 and weight), the same results were obtained. This finding makes sense, as participants with increased weight (higher muscle mass in IRT) have bigger hearts that are associated with increased aortic diameters (weight and aortic diameter r ¼ 0.37; P ¼ 0.002), although this could be seen as collinear. However, an additive effect can be hypothesized, as participants with increased muscle mass, as it is the case of IRT, may present larger peripheral arteries [30] [31] [32] and lower peripheral stiffness (mainly lower extremities) [33, 34] and thus, the reflection sites could have been displaced more distally, which would have resulted in lower cAP. This finding is consistent with T1 -the time of arrival of the reflected wave -and Trw -the time or return of the reflected wave to be longer in IRT when compared with endurance runners (and with a trend in relation to controls) even after adjustments for age, HR, height, and PWV. However, the differences were no longer detected after further adjustment for weight. It is worth mentioning that T1 was directly related to weight (r ¼ 0.30, P ¼ 0.01), but not to PWV (r ¼ À0.11, P ¼ 0.4) and inversely related to cAP (r ¼ À0.30, P ¼ 0.01). This suggests that in IRT participants, the time of arrival of the reflected wave was not dependent on PWV, but mainly on weight (interpreted as a surrogate of more distally shifted reflection sites). This mechanism can be seen with drugs, like organic nitrates, that dilate muscular arteries and decrease wave reflection (thus, decreasing cAP), independently of changes in aortic stiffness [35] .
Taken together, the above data and the similar values of PWV between IRT and endurance runners (and lower than CON), we can infer that long-term intense resistance training in men is associated with decreased aortic stiffness, lower wave reflection and cAP, thus maintaining a normal cSP and cPP and defending the left ventricle of increased systolic load. However, further studies are required to investigate the complex relations between wave reflection and central and peripheral arterial dimensions.
Our study has limitations and strengths. The investigation was cross-sectional and does not allow establishing causal relationships. Besides, undeclared steroid use could not be ruled out and measurements of abdominal aorta and femoral arteries were not done. In addition, the participants were selected rigorously according to their training specificities to avoid contamination of the data, as it can be seen that IRT participants were not engaged in significant aerobic activities, signaled by the similar maximal aerobic capacity as compared with CON (Table 1) . Moreover, the IRT group was compared to healthy untrained individuals and with intense endurance runners, what is uncommon in the literature. The carotid-femoral PWV (Complior) and pulse wave analysis (Sphygmocor) were obtained in all participants by the same highly trained technician to avoid interobserver variability. Moreover, the radial applanation tonometry that has less drawbacks compared with the carotid tonometry was used.
In conclusion, besides the benefits of improvements in the musculoskeletal functions, it seems that long-term IRT is not associated with detrimental effects on central artery elastic properties or wave reflection or cardiovascular structure and function of healthy individuals. However, these conclusions should not be extrapolated to other training regimens, such as those applied to high performance athletes and individuals with overt cardiovascular diseases.
Reviewers' Summary Evaluations
Reviewer 1
Central and peripheral hemodynamic parameters indicative for pathological alterations in cardiovascular structure and function were compared in three carefully matched study groups. The beneficial cardiovascular effects of chronic endurance training were confirmed. The new finding is that amateur level intense resistance training per se has no negative impact on cardiovascular function. Furthermore, data are provided suggesting beneficial effects of high intensity resistance training on cardiovascular function. These findings are important for designing physical training protocols directed to reshape body composition including increased muscle mass for the prevention of endocrine and cardiovascular diseases.
Reviewer 2
It is still questionable whether intense resistance training (IRT) is beneficial for cardiovascular health. The authors selected carefully the subjects, and the study, though crosssectional, showed elegantly that IRT had no detrimental effects on arterial function: compared to controls, aortic stiffness was decreased in both training groups and wave reflection was lower in the IRT group; both physically active groups had similarly increased left ventricular mass, but the heart function was not impaired. This is a well done study and the article, including discussion, is interesting.
